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Article Highlights 
•  The effects of process temperature, time and solution concentration on osmo-dehyd-
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Abstract 
This paper presents the effects of process temperature (20, 35 and 50 °C), 
immersion time (1, 3 and 5 h) and the concentration of sugar beet molasses + 
NaCl + sucrose water solution on osmotic dehydration of 1 cm
3 pork meat (M. 
triceps brachii) cubes at atmospheric pressure. The main objective was to exa-
mine the influence of different parameters on the mass transfer kinetics during 
osmotic treatment. The observed system’s responses were: water loss, solid 
gain, and water activity. The optimum osmotic conditions (temperature of 40 
°C, treatment time of 4.1 h and concentration 67%) were determined using 
response surface methodology, by superimposing the contour plots of each 
process variable, and the responses were: water loss, 0.46, solid gain, 0.15, 
and water activity, 0.79. Transport coefficients for both solids and water trans-
fer, and energy of activation for all samples were also determined. 
Keywords: osmotic dehydration, pork meat, sugar beet molasses, ternary 
osmotic solution, response surface methodology. 
 
 
Physicochemical, sensory and technological 
properties of fresh meat are related to water content. 
Water is held in myofibrils, functional organelles of 
meat, but also it may exist in the intracellular space 
between myofibrils and sarcoplasm. The water con-
tent in meat depends on many factors, including the 
tissue itself and how the product is handled (time, 
temperature, treatments) [1].  
Many traditionally techniques and their combi-
nations, such as salting, drying, cooking, smoking and 
marinating, are used to prevent spoilage of meat and 
its products by reducing its water content. A common 
step in these processes is placing the product (meat) 
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in contact with a concentrated solution (salt, sugar, 
acids, seasonings, etc.) [2].  
One of the potential preservation techniques for 
producing products with low water content and imp-
roved nutritional, sensorial and functional properties 
is osmotic dehydration. During osmotic dehydration, 
partial removal of water content from plant or animal 
tissue is achieved by osmotic pressure difference 
between product and hypertonic solution, which are in 
direct contact. Mass transfer is caused by a difference 
in osmotic pressure: water outflow from product to 
solution, solute transfer from solution into the product, 
and leaching out of the products own solutes [3].  
Osmotic dehydration is an environmentally 
acceptable method, with its ultimate aim of keeping 
the initial characteristics of the final product, which 
received considerable attention because of the low 
processing temperature, low waste material and low V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…    Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014) 
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energy requirements [4,5]. Removal of water in liquid 
form, use of mild temperatures and osmotic solution 
reusability are the main advantages of osmotic dehyd-
ration process in comparison with other drying treat-
ments [6,7]. 
The application of osmotic dehydration in food 
industry has many advantages: improvement of tex-
ture, flavor and color, no chemical pretreatment, 
energy efficiency, providing stable and quality product 
[8]. Mass transfer mechanism and quality of the final 
product are affected by many factors such as com-
position and concentration of osmotic agents, immer-
sion time of the product in the solution, agitation/cir-
culation of osmotic solution, operating temperature, 
solution to sample ratio, nature and thickness of food 
material and pre-treatment [9-11]. 
The kinetics of water removal and solid gain is 
greatly influenced by the type of osmotic agent. 
Ternary aqueous solutions containing salt and sugar 
are usually used as osmotic agents for meat dehyd-
ration [2,12]. The use of a ternary system (water/   
/sugar/salt) in the osmotic dehydration of fruits has 
been studied by some researchers [13-16] and the 
results have shown that higher rates of water loss are 
achieved when salt is added, even with solutions with 
low concentrations of solutes [13]. Most of the articles 
published using the ternary solution provide only dif-
fusion of solids, through determination of total solids 
by a gravimetric method, without analyzing separately 
the diffusion of the two solutes used in the solution 
[13-15,17]. 
According to Bohuon et al. [18], the use of ter-
nary solutions presents some advantages in the 
osmotic dehydration process, such as higher levels of 
dehydration without excessive over-sweetness or 
over-salting the product and without reaching the 
limits of saturation. Moreover, these authors reported 
that a poor understanding of the mechanisms involved 
in three simultaneous flows (water removal and salt 
and sugar penetration) inside the product has hin-
dered the development of industrial applications of 
osmotic dehydration with ternary solutions. 
Recent research has shown that use of sugar 
beet molasses as a hypertonic solution improves 
osmotic dehydration processes [19]. Sugar beet mol-
asses is an excellent medium for osmotic dehyd-
ration, primarily due to the high dry matter (80%) and 
specific nutrient content. From the nutrient point of 
view, an important advantage of sugar beet molasses 
use as a hypertonic solution is enrichment of the food 
material in minerals and vitamins, which penetrate 
from the molasses into the plant tissue [20,21]. The 
presence of complex solute compositions  maintains 
a high transfer potential favorable to water loss, and 
at the same time by the presence of sugar, salt impre-
gnation is hindered [22]. High salt concentrations dec-
rease the water holding capacity, which contributes to 
meat dehydration and shrinkage while there is no 
swelling of muscle fibers or myofibrils [1,23]. 
In literature, although there is a lot of information 
about osmotic dehydration of plant material, there is 
little information available about osmotic dehydration 
of meat and none about osmotic dehydration of meat 
in molasses. Preliminary sensory analyses have 
shown that meat processed in osmotic solution that is 
a mixture of ternary aqueous solution and molasses 
have given more satisfactory sensory results in com-
parison to the meat dehydrated in each of the osmotic 
solutions separately. The use of sugar beet molasses, 
as constituent of the osmotic solution during osmotic 
dehydration improves the nutritional profile of pork 
meat, which chemical composition after the process is 
in optimal range for human health [24]. 
The specific objective in this study was to exa-
mine the influence of complex osmotic solution, its 
concentration, temperatures and immersion times on 
the efficiency of osmotic dehydration process of pork 
meat. Response surface methodology is used for 
optimizing the process parameters. 
EXPERIMENTAL 
Pork meat (M. triceps brachii) was purchased at 
the butcher shop “Mesara Štrand” in Novi Sad, just 
before use. Initial moisture content of the fresh meat 
was 72.83%. Before the osmotic treatment, whole 
muscle (Musculus triceps brachii, 24 h post mortem, 
with removed fat tissue), was cut into 1 cm
3 cubes, 
and then homogenized before the samples were 
taken for the process. Sugar beet molasses, with 
inital dry matter content of 85.04%, was obtained from 
the sugar factory Pećinci, Serbia. Terenary Aqueous 
solution (TAS) of sodium сhloride and sucrose was 
made from the commercial sucrose and NaCl in the 
quantity of 1200 g/kg, and 350 g/kg, respectively, in 
distilled water [25,26]. Osmotic solution used in this 
research was prepared by mixing molasses and TAS 
in mass ratio 1:1. Distilled water was used for dilution 
of osmotic solution. The osmotic solution concentra-
tions were 52.5, 61.25 and 70 mass%. The sample to 
solution mass ratio was 1:5. The process was per-
formed in laboratory jars at temperature of 20, 35 and 
50 °C under atmospheric pressure, in a constant tem-
perature chamber (KMF 115 l, Binder, Germany). 
Meat samples were stirred every 15 minutes to faci-
litate movement of water that had diffused from the V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…  Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014) 
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center of the meat cube to its surface and allowing 
better homogenisation of the osmotic solutions. The 
processing conditions, regarding steering, intesity, 
duration and frequency of stirring, were the same for 
all concentrations of osmotic solutions at all tempe-
ratures, so the results could be comparable. 
After 1, 3 and 5 h, the samples were taken out 
from osmotic solutions to be lightly washed with water 
and gently blotted to remove excessive water. Pro-
cess variables were coded, according to Box and 
Behnken’s full factorial experimental design (3 level-3 
parameter), with 27 runs, and the values assigned 
were –1 for the low values, 0 for the medium values, 
and +1 for the high values of the temperature, time 
and concnetration. 
Dry matter contents of the fresh and treated 
samples and osmotic solutions were determined by 
drying the samples of meat and solutions at 105 °C 
for 24 h in a heat chamber until constant mass was 
achived (Instrumentaria Sutjeska, Serbia). All anal-
ytical measurements were carried out in accordance 
to AOAC [27]. Water activity (aw) of the osmotic 
dehydrated samples was measured using a water 
activity measurement device (TESTO 650, Germany) 
with accuracy of ±0.001 at 25 °C.  
Osmotic dehydration 
In order to describe the mass transfer kinetics of 
the osmotic dehydration, experimental data from 
three key process variables are usually obtained: 
moisture content, change in weight and change in the 
soluble solids. Using these, water loss (WL) and solid 
gain (SG) were calculated for different solutions and 
processing times [3]: 
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where mi and m f are the initial and final mass (g) of 
the samples, respectively; zi and zf are the initial and 
final mass fraction of water (g water/g sample), res-
pectively;  si  and  sf  are the initial  and final mass 
fraction of total solids (g total solids/ g sample), 
respectively. The mass loss during osmotic dehyd-
ration can be evaluated by subtracting SG from WL. 
The moisture content in dry matter at any time can be 
calculated by dividing subtract of initial water present, 
and water loss, with initial dry solids [28]. Similarly, 
the solid content, on dry basis at any time, can be 
calculated as the ratio of subtract of initial dry solids 
and solid gain with initial dry solids [28]. 
Peleg equation 
Azuara et al. [29] calculated WL and SG during 
osmotic dehydration using equations with two para-
meters obtained from mass balances. The Peleg 
equation was also used in some research instead of 
equilibrium approach equation [30-34]. In this paper, 
Peleg’s equation is expressed in terms of WL or SG 
change. In the following equations, Y represents WL 
or SG:  
=
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where k1
Y and k2
Y are Peleg constants for WL or SG. 
The Peleg capacity constant k2 relates to minimum 
attainable moisture content. As t→∞, Eq. (5) gives the 
relation between equilibrium WL∞ or SG∞ and k2, as 
follows: 
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When evaluating the effective diffusivities of 
water and solids (Dew and Des), the meat cube is con-
sidered as a perfect cube with initially uniform water 
and solid contents. In that case, the solution for Fick’s 
equation for constant process conditions, for long 
osmotic dehydration time can be written in logarithmic 
form as follows [35]: 
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where Mr and Sr are the moisture and solute ratio; Dew 
and Des are effective diffusivities of water and solute, 
respectively; L is the sample length, m, t is the time, s. 
Response surface methodology 
Response surface methodology (RSM) was 
selected to estimate the main effect of the process 
variables on mass transfer variables, during the 
osmotic dehydration of pork meat cubes (1 cm
3). The 
accepted experimental design was according to Box 
and Behnken’s full factorial design. The independent 
variables were temperature (X1) of 20, 35 and 50 °C; 
osmotic time (X2) of 1, 3 and 5 h; X3 is the concen-
tration of osmotic solution concentrated to 52.5, 61.25 
and 70 mass%, according to [19-21], and the depen-
dent variables observed were the response: WL (Y1), 
SG (Y2), and aw (Y3). The experimental data used for 
the optimization study were obtained using a central 
composite full factorial design (3 level-3 parameter) V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…    Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014) 
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with 27 runs (1 block). The variables osmotic tempe-
rature, treatment time, and solution concentration 
were coded as X1, X2, and X 3, respectively and the 
responses WL, SG and aw as Y1, Y2 and Y3. A model 
was fitted to the response surface generated by the 
experiment. The model used was function of the 
variables:  
() = time,temp.,conc. kk Y f  (7) 
The following second order polynomial (SOP) 
model was fitted to the data. Two models of the 
following form were developed to relate four res-
ponses (Y) such as WL and SG to four process 
variables (X): 
ββ β β
== = = +
=+ + +  
33 2 3
2
0
11 1 1
k k ki i kii i kij i j
ii i j i
Y XX X X  
k = 1-4,  (8) 
where  βkn are constant regression coefficients; Y, 
either WL (Y1), SG (Y2) and aw (Y3); X1, osmotic tem-
perature; X2 treatment time and X3, solution concen-
tration.  
Analysis of variance (ANOVA) and response 
surface regression method (RSM) were performed 
using StatSoft Statistica v.10 for Windows [36]. The 
model was obtained for each dependent variable (or 
response) where factors were rejected when their 
significance level was less than 95%. The graphs of 
the responses with significant parameters were super-
imposed to determine optimum drying conditions, 
plotted on optimization graphic. After the optimum 
conditions were established, separate experiments 
were performed for model validations of the models.  
The RSM study was conducted to determine the 
optimum osmotic dehydration conditions for pork 
meat cubes dehydration process. In order to simplify 
the complex computation, the following assumptions 
were used in the development of the models: samples 
of pork meat are cube shaped, initial water and solute 
concentrations in the pork meat samples are uniform, 
the process is isothermal, the diffusion of water from 
the pork meat and the diffusion of sugar beet molas-
ses, sucrose and salt into the pork meat are only con-
sidered. Other mass transfer does not occur, shrink-
age is neglected, and external resistance to mass 
transfer is negligible. 
Effective diffusivity 
The effective diffusivity, De, was calculated at 
each corresponding moisture/solid content and time 
in this article. The average effective diffusivity, De,avg, 
was calculated from positive De  obtained using the 
data for all effective moisture and solute diffusivity as: 
=  ,
0
1
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f t
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where tf is the final process time. De,avg for moisture 
and solute content, can be also calculated as average 
of De obtained using process data, when time inter-
vals are equal [35].  
The diffusivity dependence on the temperature 
can be represented by the Arrhenius type equation 
(De,avg = D0exp(−Ea/RT)), where Ea is the activation 
energy, D0 the Arrhenius factor, and T is the absolute 
temperature, R is the gas constant, 8.314×10
-3 kJ mol
-
1 K
-1. Ea/R was obtained as the slope of the straight 
line of nature log of De,avg vs. 1/T. Activation energy, 
for both solid and water transfer is getting lower when 
the solution concentration rises. 
RESULTS AND DISCUSSION 
Table 1 shows changes in WL, SG, and aw res-
ponses in the meat samples during osmotic dehyd-
ration for 1, 3, and 5 h of osmotic dehydration pro-
cess. 
WL is increased with the increase of all treat-
ment variables (concentration of the osmotic solution, 
time and temperature of the process). The maximum 
value of WL was achieved, after 5 h, for sugar beet 
molasses+NaCl+sucrose solution concentrated to 70 
mass%, at maximum concentrations was 0.481±0.048 
(Table 1). The huge difference in osmotic pressure 
between hypertonic solution and the immersed meat 
tissue causes the vast initial loss of the water at the 
beginning of the dehydration process. 
The  SG value indicates the degree of penet-
ration of solids from hypertonic solution into the meat 
sample. Table 1 shows that SG increases with immer-
sion time, with the increase of the concentration of 
osmotic solution and with the increase of the tempe-
rature of the process. Increase of all of this variables 
leads to the increased mass transfer of the solids 
from the osmotic solution to the osmo-dehydrated 
meat tissue. The aim of osmotic dehydration is the 
achievement of as low as possible solid uptake, and 
the most acceptable results were achieved by using 
molasses+NaCl+sucrose solution concentrated to 
nearly 70 mass% (0.14 g/g initial sample weight, 
(i.s.w.)), after more than 4 h of osmotic process. 
These results of the solid uptake of the pork meat are 
similar with the results of SG of the osmodehydrated 
fruits and vegetables [19-21]. V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…  Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014) 
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During the osmotic dehydration process, total 
mass of the meat samples was evidently reduced. 
Table 1 shows that mass reduction (MR = WL – SG) is 
most intensive in the first hour of the process, and 
after 3 h the highest value was achieved. At the end 
of the process, MR value decreased. The larger MR 
(0.347) was observed after 5h of osmotic dehydration 
process, using 70 mass% solution at 50 °C. 
To determine optimal condition for the osmotic 
dehydration water loss/solid gain ratio, also named 
dehydration efficiency index (DEI = WL/SG) must be 
considered. High value of DEI is the most important 
indicator of the effectiveness of osmotic dehydration 
treatment. The increase of the concentration of the 
osmotic solutions, the temperature of the process and 
the duration of the process have led to the increase of 
the DEI values, indicating that the biggest efficiency 
of the process is at the maximum values of the treat-
ment variables (c = 70 mass%, T = 50 °C, t = 5 h; 
DEI = 3.59). 
Table 2 shows the ANOVA calculation regarding 
the response models developed when the experi-
mental data were fitted to a response surface. The 
response surface used a second order polynomial 
(SOP) in the form of Eq. (8) in order to predict the 
function fk (Eq. (7)) for all the dependent variables. 
The analysis revealed that the linear terms con-
tributed substantially in most of the cases to generate 
a significant SOP model. The SOP models for all vari-
ables were found to be statistically significant and the 
response surfaces were fitted to these models. The 
linear terms of SOP model were found significant, at 
95% confidence level, and their influence was found 
most important in all model calculation.  
ANOVA test showed the significant effects of the 
independent variables to the responses and which of 
responses were significantly affected by the varying 
treatment combinations (Table 2).  
According to ANOVA, WL was significantly 
affected by all process variables, treatment time, 
Table 1. Experimental design and data for the response surface analysis 
Run No.  t / h 
Temperature
°C 
Concentration 
mass% 
WL, g/g i.s.w. SG,  g/g i.s.w. MR,  g/g i.s.w. DEI  aw 
1 1  20  70  0.255±0.033  0.089±0.024  0.166±0.009  2.94±0.44  0.892±0.010 
2 3  20  70  0.388±0.030  0.117±0.026  0.271±0.004  3.39±0,51  0.858±0.016 
3 5  20  70  0.449±0.023  0.137±0.016  0.312±0.007  3.29±0.22  0.856±0.006 
4 1  35  70  0.284±0.019  0.099±0.016  0.185±0.003  2.90±0.28  0.899±0.036 
5 3  35  70  0.410±0.020  0.132±0.025  0.278±0.005  3.16±0.46  0.872±0.033 
6 5  35  70  0.477±0.021  0.152±0.035  0.325±0.014  3.23±0.62  0.842±0.033 
7 1  50  70  0.319±0.041  0.107±0.028  0.212±0.013  3.06±0.43  0.895±0.032 
8 3  50  70  0.448±0.037  0.139±0.023  0.309±0.014  3.25±0.28  0.857±0.027 
9 5  50  70  0.481±0.048  0.134±0.053  0.347±0.005  3.59±0.35  0.846±0.035 
10 1  20  61.25  0.234±0.009  0.087±0.022  0.147±0.013  2.79±0.62  0.898±0.004 
11 3  20  61.25  0.366±0.012  0.112±0.020  0.254±0.008  3.33±0.49  0.872±0.006 
12 5  20  61.25  0.416±0.012  0.132±0.020  0.284±0.008  3.19±0.40  0.861±0.005 
13 1  35  61.25  0.253±0.022  0.092±0.017  0.161±0.005  2.78±0.28  0.887±0.013 
14 3  35  61.25  0.386±0.005  0.140±0.020  0.246±0.015  2.79±0.37  0.868±0.005 
15 5  35  61.25  0.430±0.048  0.166±0.045  0.264±0.003  2.67±0.45  0.865±0.003 
16 1  50  61.25  0.340±0.038  0.123±0.016  0.217±0.022  2.77±0.05  0.890±0.007 
17 3  50  61.25  0.464±0.024  0.152±0.013  0.312±0.011  3.06±0.10  0.863±0.006 
18 5  50  61.25  0.498±0.026  0.165±0.016  0.333±0.010  3.03±0.14  0.862±0.006 
19 1  20 52.5  0.213±0.012  0.091±0.016  0.122±0.004  2.37±0.29  0.896±0.001 
20 3  20 52.5  0.339±0.008  0.129±0.007  0.21±0.001  2.63±0.08  0.881±0.011 
21 5  20 52.5  0.373±0.007  0.142±0.010  0.231±0.003  2.63±0.14  0.876±0.001 
22 1  35 52.5  0.264±0.014  0.108±0.012  0.156±0.002  2.46±0.14  0.894±0.005 
23 3  35 52.5  0.366±0.010  0.149±0.009  0.217±0.001  2.46±0.08  0.872±0.014 
24 5  35 52.5  0.398±0.012  0.180±0.008  0.218±0.004  2.21±0.03  0.879±0.004 
25 1  50 52.5  0.301±0.010  0.116±0.016  0.185±0.006  2.62±0.28  0.894±0.004 
26 3  50 52.5  0.408±0.007  0.153±0.030  0.255±0.023  2.73±0.50  0.886±0.016 
27 5  50 52.5  0.431±0.012  0.164±0.021  0.267±0.009  2.65±0.27  0.869±0.008 
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temperature, and concentration, at 99% confidence 
level. The main influential variable seems to be the 
treatment time. Quadratic terms for treatment time 
was also significant at 99% confidence level, while 
quadratic terms for temperature and concentration 
were found significant at 90% significant level. 
Table 2. Analysis of variance for the four responses 
Term Source  WL SG  aw 
Linear  t  0.123
a 0.012
a 4.65E-03
a 
T  0.024
a 0.003
a 4.57E-05
ns 
c  0.010
a 0.001
a 3.74E-04
a 
Quad.  t  0.001
a 0.000
b 3.48E-07
a 
T  0.010
c 0.001
b 9.68E-04
ns 
c  0.001
c 0.000
ns 1.98E-05
ns 
Cross product  t 
T 
0.001
c 0.000
ns 6.38E-06
ns 
t 
c 
0.001
b 0.000
ns 5.58E-04
a 
T 
c 
0.000
ns 0.000
ns 1.12E-06
ns 
Error Error  0.003
ns 0.001
ns 5.42E-04
ns 
r
2   98.411  93.357  92.433 
aSignificant at 99% confidence level; 
bsignificant at 95% confidence level; 
csignificant at 90% confidence level, 
nsnot significant 
SG most strongly responded to liner term of 
osmotic time, at 99% confidence level, while tempe-
rature and concentration reached the same confi-
dence level. Quadratic terms for osmotic time and 
temperature are significant at 95% level, while con-
centration term seems to be insignificant. The treat-
ment time was also the main influential processing 
parameter for water activity. The temperature’s linear 
term was marked statistically insignificant, during 
ANOVA test, while time and concentration terms were 
significant at 99% level. The only significant quadratic 
term seems to be treatment time (at 99% level), while 
temperature and concentration quadratic terms were 
insignificant.  
Also shown in Table 2 is the residual variance 
where the lack of fit variation represents other con-
tributions except for the first order terms. All SOP 
models had insignificant lack of fit tests, which means 
that all the models represented the data satisfactorily. 
The coefficient of determination, r
2, is defined as 
the ratio of the explained variation to the total vari-
ation and is explained by its magnitude [38]. A high r
2 
is indicative that the variation was accounted and that 
the data fitted satisfactorily to the proposed model 
(SOP in this case). The r
2 values for WL (98.411), SG 
(93.357), and aw (92.433), were found very satis-
factory and showed the good fitting of the model to 
experimental results.  
Table 3 shows the regression coefficients for the 
response SOP models of WL, SG and aw used by Eq. 
(8) for predicting the values at optimum conditions.  
Table 3. Regression coefficients (based on coded data) of the 
SOP models for the four responses 
Regression 
coefficient 
Y1  Y2  Y3 
β0 -0.465±0.264
ns -0.032±0.171
ns 0.974±0.117
a 
β1 0.074±0.016
a 0.042±0.010
a 0.005±0.007
ns
β11 -0.010±0.001
a -0.002±0.001
a 0.002±0.001
a 
β2 0.002±0.002
ns 0.005±0.002
a 0.000±0.001
ns
β22 0.000±0.000
ns -0.000±0.000
a -0.000±0.000
ns
β3 0.017±0.008
ns 0.001±0.005
ns -0.002±0.004
ns
β33 -0.000±0.000
ns 0.000±0.000
ns 0.000±0.000
ns
β12 -0.000±0.000
b -0.000±0.000
ns -0.000±0.000
ns
β13 0.001±0.000
a -0.000±0.000
ns -0.000±0.000
a
β23 -0.000±0.000  -0.000±0.000
ns -0.000±0.000
ns
aSignificant at 95% confidence level; 
bsignificant at 90% confidence level; 
nsnot significant 
Optimization of the process of osmotic dehyd-
ration requires obtaining high values of WL, along 
with obtaining low values of SG and aw. Using these 
values, the contour plots of WL,  SG and aw were 
plotted and superimposed to ascertain the optimum 
osmotic dehydration conditions for pork meat cubes, 
used in the experiment. Figure 1 shows the super-
imposed graph of the dehydration conditions of pork 
meat in osmotic solutions. An optimum operating area 
was derived and crosshatched and point A was 
deduced by approximating the optimum position in 
obtained area on graph. Moving point A to the left of 
the obtained area, by decreasing osmotic time, would 
lead to the increase of temperature coordinate, and 
also solution concentration, and translating this point 
to the right, would result in process temperature 
enhancement, while decreasing of processing time 
and solution concentration. Optimization of the dehyd-
ration process is performed to ensure rapid proces-
sing conditions yielding an acceptable product quality 
and a high throughput capacity. The coordinates of 
the optimized point in the temperature, time concen-
tration plot (Figure 1) were: 40 °C, 3.7 h and 63 
mass%. These coordinates represent the optimum con-
ditions for osmotic dehydration process for pork meat, 
in sugar beet molasses+NaCl+sucrose solution. 
Contour plots (Figure 1) of both WL and SG 
showed that maximum value was slightly lower than 
the upper right corner of the plot, tending to grow with 
temperature and processing time. The value of aw V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…  Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014) 
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decreased with the increase of all process para-
meters. For the osmotic dehydration of pork meat 
cubes in this study, the optimum conditions would 
have to be similar to the operating conditions from 
literature and meet the desired product specifications 
[24,39]. The desired responses for the optimum dry-
ing conditions in sugar beet molasses+NaCl+sucrose 
solution were found to be: WL = 0.46, SG = 0.15 and 
aw = 0.79. 
To determine the adequacy of the SOP models, 
independent experiments were performed at optimum 
conditions for validation, [38]. Table 4 shows the 
model validation results. As shown in the previous 
ANOVA Tables 2 and 3, the predicted values were 
comparable to the actual values in the experiment. 
Very good coefficients of variation (CV) of less than 
10% for all process variables were calculated. CV 
values higher than 15% for response variables show 
great influence to the statistically minor significance of 
its SOP model [38]. The low CV values for response 
variables WL, SG and aw indicated the adequacy of 
these models. 
The effective diffusivities of water loss and solid 
gain were calculated by Eqs. (5) and (6) using experi-
mental values and WL∞ and SG∞ from Table 5. The 
average effective diffusivity values, evaluated using 
Eq. (9), are presented in Table 6, according to osmo-
tic dehydration process conditions. These coefficients 
were determined and the effects of process para-
meters (concentration and temperature) on these 
coefficients were modeled by using non-linear regres-
sion analyses. 
Table 5. Water loss and solid gain at equilibrium, according to 
the Peleg model, for different temperature and concentration, 
(all WL∞. . SG∞. values are significant at 0.05 level) 
T / °C  c / mass%  Water loss  Solid gain 
WL∞  r
2  SG∞  r
2 
20  70  0.549 0.998 0.153 0.979 
61.25  0.565 0.994 0.171 0.988 
52.5  0.554 1.000 0.149 0.943 
35  70  0.515 1.000 0.146 0.972 
61.25  0.522 1.000 0.205 0.995 
52.5  0.565 1.000 0.178 0.994 
50  70  0.463 0.999 0.165 1.000 
61.25  0.455 1.000 0.209 0.979 
52.5  0.487 0.999 0.183 1.000 
Osmotic pressure gradient is the driving force 
for osmotic mass transfer. As seen from Table 6, this 
driving force depends on concentration and tempe-
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Figure 1. Optimum regions obtained after superimposing the contour plots of the system responses, 
for sugar beet molasses+NaCl+sucrose solution. 
Table 4. Predicted and observed responses at optimum conditions; sugar beet molasses+NaCl+sucrose solution, time, 3.7 h, 
concentration, 63 mass%, temperature 40 °C 
Response  Predicted  Observed  Standard deviation  Coefficient of variation 
WL  0.46 0.45  0.40  8.69 
SG  0.15 0.14  0.01  6.66 
aw  0.79 0.80  0.06  7.59 V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…    Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014) 
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rature of the osmotic solution. The enrichment in 
osmotic solution concentration increases this gradient 
and also the driving force. The transport coefficients 
for water loss and solid gain (De,avg) rise with an 
augment in osmotic solution concentration due to 
change in the physical properties of the food (such as 
porosity and cell permeabilization). These coefficients 
decrease in time, to the end of the osmotic dehyd-
ration process, as seen from Eqs. (5) and (6). The 
concentration of osmotic medium is more pronounced 
in affecting the diffusion coefficient that the tempe-
rature. Evaluated data for activation energy are repre-
sented in Table 7. Activation energy, for both solid 
and water transfer is getting lower when the solution 
concentration rises. 
Table 6. The diffusion coefficient for WL and SG 
T / °C  c / mass%  Dew,avg / m
2 s
-1  Des,avg / m
2 s
-1 
50 52.5  1.89E-09  1.90E-09 
61.25 1.93E-09 1.91E-09 
70 1.99E-09  1.93E-09 
35 52.5  1.86E-09  1.82E-09 
61.25 1.92E-09 1.92E-09 
70 1.99E-09  1.98E-09 
20 52.5  1.84E-09  1.85E-09 
61.25 1.92E-09 1.87E-09 
70 1.97E-09  1.91E-09 
Table 7. Activation energy for different sugar beet molas-
ses+NaCl+sucrose solution concentration 
Parameter 
c / mass% 
50 35 20 
Water loss 
ln k0 4.171  4.176  4.184 
Ea / J mol
-1 79180.918  82243.830  85338.472 
r
2 0.997  1.000  0.892 
Solid gain 
ln k0 4.165  4.169  4.173 
Ea / J mol
-1 79200.388  81320.500  84919.325 
r
2 0.997  0.958  0.983 
CONCLUSIONS 
The RSM algorithm was used to optimize the 
osmotic dehydration of pork meat cubes, in sugar 
beet molasses+NaCl+sucrose solutions, utilizing WL, 
SG and aw, as responses. SOP models for all system 
responses were statistically significant while predicted 
and observed responses correspond very well. The 
optimum dehydration process parameters were found 
by superimposition of the contour plots of all res-
ponses.  
Treatment time was the most influential process 
parameter for all system responses (WL, SG and aw) 
while temperature and concentration were also influ-
ential process parameters but less in comparison to 
the time for all system responses. 
During osmotic dehydration of meat, the water 
removal process is the most intensive at the begin-
ning, and after 3 h had tendency of stabilization. 
Optimum process parameters, for osmotic 
dehydration in sugar beet molasses+NaCl+sucrose 
solution were evaluated using RSM, with regards to 
maximum of water reduction of 0.6 w/w, and the ratio 
WL/SG = 3.0, as: 40 °C, 3.7 h and 63 mass%. 
Obtained system responses were: WL = 0.46 mass%, 
SG = 0.15 and aw = 0.79.  
Transport coefficients, for both solid and water 
transfer rise with an augment in osmotic solution con-
centration, while increase of the concentration have 
lead to the decrease of the Ea for both water and 
solids. The highest diffusion coefficient for transport of 
water observed was 1.99×10
–9 and 1.93×10
–9 m
2/s for 
transport of solids, both recorded at temperature of 50 
°C and sugar beet molasses+NaCl+sucrose solutions 
concentration of 70 mass%. The maximum activation 
energy were reached at 20 °C, 85.338 kJ/mol, for 
water transport, and 84.919 kJ/mol for solid transport. 
Considering obtained results it can be con-
cluded that this solution is satisfying osmotic agents 
regarding the OD results, expressed as mass reduc-
tion and DEI were achieved using solution of complex 
content of sugar beet molasses+NaCl+sucrose as 
osmotic agent. 
A new environmentally friendly value has been 
added to the molasses, which is a by-product of sugar 
beet production, by extension of its usage as a sub-
stantial part of osmotic solution in a low energy 
required process of osmotic dehydration. 
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Nomenclature 
TAS - Terenary aqueous solution of sodium сhloride 
and sucrose 
aw - Water activity 
WL - Water loss 
SG - Solid gain 
Dew - Effective diffusivities of water 
Des - Effective diffusivities of solids 
Ea - Activation energy 
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ANOVA - Analysis of variance 
MR - Mass reduction 
DEI - Dehydration efficiency Index 
SOP - Second order polynomial 
CV - Coefficients of variation 
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NAUČNI RAD 
   OPTIMIZACIJA KINETIKE PRENOSA MASE TOKOM 
OSMOTSKE DEHIDRATACIJE KOCKICA 
SVINJSKOG MESA U KOMPLEKSNOM 
OSMOTSKOM RASTVORU 
Ovaj rad prikazuje uticaje različitih procesnih temperatura (20, 35 i 50 °C), vremena 
potapanja (1,3 i 5 h) i koncentracija osmotskog  rastvora, koji se sastoji iz melase šećerne 
repe i vodenog rastvora NaCl i saharoze, na proces osmotske dehidratacije kockica od 
svinjskog mesa (M. triceps brachii), veličine1 cm
3, pri atmosferskom pritisku. Glavni cilj je 
bio ispitivanje uticaja različitih parametara na kinetiku prenosa mase tokom osmotskog 
tretmana. Praćeni odzivi sistema bili su: gubitak vode, prirast suve materije i aktivnost 
vode. Optimalni uslovi osmotske dehidratacije (temperatura od 40 °C, vreme tretmana od 
4,1 h i koncentracija od 67%) su ustanovljeni koristeći metodu odzivne površine i prekla-
pajući konturne površine za svaki procesni parametar, a dobijeni optimalni odzivi bili su: 
gubitak vode: 0,46, prirast suve materije: 0,15 i aktivnost vode: 0,79. Takođe su određeni 
transportni koeficijenti za transfer vode i rastvoljivih materija, kao i energija aktivacije za 
sve uzorke. 
Ključne reči: osmotska dehidratacija, svinjsko meso, melasa šećerne repe, ter-
cijarni osmotski rastvor, metoda odzivne površine. 
 
 